Background-The aims of our study were to (1) examine how data from exercise treadmill testing (ETT) can identify patients who have coronary plaque or stenosis, using CT angiography (CTA) as the reference standard, and (2) identify patient characteristics that may be used in selecting ETT versus CTA. Methods and Results-The Rule Out Myocardial Infarction Using Computer-Assisted Tomography (ROMICAT) trial was an observational cohort study of acute chest pain patients presenting to the emergency department with normal initial troponin and a nonischemic ECG. Univariate and multivariable analyses were performed to assess the relationship of baseline clinical data and ETT parameters with coronary plaque and stenosis on CTA. Of the 220 patients who had ETT (mean age, 51 years; 63% men), 21 (10%) had positive results. A positive ETT had a sensitivity of 30% and specificity of 93% to detect Ͼ50% stenosis. The sensitivity increased to 83% after excluding uninterpretable segments and evaluating the ability to detect a Ͼ70% stenosis. Predictors of plaque included older age, male sex, diabetes, hypertension, hyperlipidemia, lower functional capacity, and a lower Duke Treadmill Score. Both a positive ETT and a low Duke Treadmill Score were significant univariate and multivariable predictors of stenosis Ͼ50% on CTA Whereas the prevalence of stenosis by CTA was greater among patients with more risk factors, coronary stenosis was not present among men Ͻ40 years old or women Ͻ50 years old or individuals who achieved at least 13 metabolic equivalents on ETT. 
Clinical Perspective on p 242
Coronary CT angiography (CTA) allows for the noninvasive visualization of coronary atherosclerosis and can detect the presence of obstructive coronary artery disease. Recently, it has been shown that an effective clinical use of this test may be among low-to intermediate-risk patients presenting to the emergency department with acute chest pain. 6 -10 In this population, the absence of any coronary plaque can effectively rule out the presence of an acute coronary syndrome and identify patients with excellent prognosis. Nevertheless, the use of CTA in this setting is limited as it exposes patients to radiation, requires iodinated contrast, and cannot provide information on functional capacity. 11 Although both CTA and ETT can be used to evaluate lowto intermediate-risk patients presenting to the emergency department, there is a paucity of studies that directly compare these tests in patients with acute chest pain. Therefore, we sought to (1) examine how data from ETT can identify patients who have coronary plaque or stenosis, using CTA as the reference standard, and (2) identify patient characteristics which could be used in selecting between ETT and CTA.
Methods

Study Population
Details of the Rule Out Myocardial Infarction Using ComputerAssisted Tomography (ROMICAT) study have been previously reported. 7 Briefly, ROMICAT was a double-blinded, single-center, prospective, observational cohort study of 368 consecutive adult patients at low to intermediate likelihood of acute coronary syndrome who presented to the emergency department of Massachusetts General Hospital with acute chest pain whose initial ECG and biomarkers were inconclusive. The intake period was a cumulative period of 18 months, ending in May 2007. Exclusion criteria were notable for patients with atrial fibrillation and serum creatinine Ͼ1.3 mg/dL. All eligible patients who consented underwent ECG-gated contrast-enhanced 64-slice multidetector CT. All patients and caregivers were blinded to the findings of the CT. Patients received standard of care to rule out acute coronary syndrome during index hospitalization, including serial ECGs, biomarkers, and cardiac testing as clinically requested by the patient's caring physicians. The institutional review board approved the study protocol and all patients provided written informed consent.
The current study population included 220 patients referred for an ETT as part of their standard clinical care, including 117 patients who had an ETT without imaging and 103 patients who had an ETT as part of a stress myocardial perfusion imaging (MPI) study. None of the patients had a pacemaker, Wolf-Parkinson-White pattern on their ECG, or were taking digoxin. Two patients who were referred for MPI had an uninterpretable ECG due to baseline ST-segment depressions and were excluded from the study.
CTA Acquisition
CTA was performed using a standard 64-slice multidetector CT coronary angiography (Sensation 64, Siemens Medical Solutions, Forchheim, Germany) protocol that was acquired at end inspiration and included the administration of sublingual nitroglycerin (0.6 mg) and intravenous ␤-blocker (metoprolol 5-20 mg) for those with the baseline heart rate Ͼ60 beats per minute and no other contraindications. A test bolus protocol was used to determine the optimal timing of contrast injection (20 mL contrast agent followed by 40 mL saline, flow rate of 5 mL/s). CTA acquisition used 80 -100 mL of contrast (Iodixanol 320 mg/mL, General Electrics Healthcare, Princeton, NJ) followed by 40 mL saline at a rate of 5 mL/s.
CT images were acquired in spiral mode, gantry rotation time of 330 ms, 64ϫ0.6 mm slice collimation, tube voltage of 120 kV, effective tube current of 850 -950 mA, with ECG tube current modulation when appropriate. For coronary artery assessment, axial images were reconstructed with the use of a medium sharp convolution kernel with a slice thickness of 0.75 mm and increment of 0.4 mm.
CTA Interpretation
For the detection of CAD, the 17-segment model based on the American Heart Association classification with the addition of the posterior left ventricular branch as segment 16 and the ramus intermedius as segment 17 was used. 12 For each of the 17 segments, coronary atherosclerotic plaque, plaque composition (calcified, mixed, or noncalcified), and stenosis was visually classified as either present or absent as determined by two reader consensus using Leonardo workstation (Siemens Medical Solutions, Forchheim, Germany). 13 Readers were blind to all clinical data, including ETT and MPI test results. For each lesion causing luminal obstruction, stenosis severity was categorized as Ͼ50% or Ͼ70% by diameter. The extent of coronary plaque burden was scored from 0 -17 and treated as a continuous variable.
Exercise Treadmill Testing
The majority of ETTs (218 of 220) used a symptom-limiting Bruce protocol according to established guidelines 1 as part of routine clinical care. For 2 patients, a manual exercise protocol was used. During each examination, continuous 12-lead ECG monitoring was obtained. The target heart rate was determined as 85% of the maximum predicted heart rate (MPHRϭ220 minus age). The ETT study was considered diagnostic if the patient reached target heart rate, achieved a peak pressure product Ͼ25 000, or developed typical angina symptoms during the test. A positive ETT was defined as upsloping ST depressions Ն1.5 mm or downsloping/horizontal depressions Ն1.0 mm in at least 2 leads. All ST-segment measurements were performed 80 ms after the J point. The maximum ST-segment depression from all leads was used to represent the overall magnitude of ST-segment depression for the study. The Duke Treadmill Score (DTS) was calculated for each patient who completed the Bruce protocol as exercise time (minutes) minus (5ϫ maximal ST-segment depression in millimeters) minus (4ϫ angina index; 0, no angina; 1, angina; 2, angina as reason for stopping test).
Among the subgroup of patients who had single-photon emission computed tomography (SPECT) MPI as part of their ETT test, we performed an exploratory analysis to examine the SPECT MPI results when ETT and CTA findings were discrepant. A positive SPECT MPI was defined as a summed stress score Ն3.
Covariates of Interest
Cardiovascular risk factors and medical history were assessed at the time of subject enrollment, based on self-report as well as the medical records during the index hospitalization. Body mass index was defined as weight (kilograms) divided by the height squared (meters). Hypertension was defined as systolic blood pressure of at least 140 mm Hg or diastolic blood pressure of at least 90 mm Hg or current antihypertensive treatment. Diabetes mellitus was defined as a fasting plasma glucose Ն126 mg/dL or treatment with a hypoglycemic agent. Hyperlipidemia was defined as total cholesterol of Ն200 mg/dL or treatment with a lipid-lowering medication. Family history of CAD was defined as having a first-degree female (Ͻ65 years) or male (Ͻ55 years) relative with a documented history of myocardial infarction or sudden cardiac death. Subjects were classified as smokers if they had smoked at least 1 cigarette per day in the year before the study.
Statistical Analysis
Continuous variables were expressed as meanϮSD or medians (interquartile range), where appropriate; categorical variables were described by frequency. The differences in means between 2 groups were determined using Student t test for continuous variables and differences in proportions were determined by Fisher exact or 2 test, as appropriate.
When determining the diagnostic accuracy of a positive ETT to detect stenosis on CTA, lesions for which stenosis by CTA could not be excluded (ie, uninterpretable segments) were counted as positive. However, because there is often a lack of certainty about whether such patients truly have obstructive disease, we also recalculated the diagnostic accuracy when these segments were excluded.
We used logistic regression to identify clinical and ETT predictors of coronary plaque and coronary artery stenosis Ն50%. The clinical (ie, before including ETT parameters) multivariable models included variables that were clinically relevant and demonstrated a univariate association with the dependent variable of interest. To avoid model overfitting and given the strong correlation between many of the ETT parameters evaluated (eg, exercise time, metabolic equivalents [METS] achieved, DTS), each ETT parameter was added separately to the baseline multivariable model, which included only clinical variables.
In addition, we examined the distribution of patient characteristics (eg, age and sex) and traditional clinical risk factors in order to identify cut-points that can be used to exclude the presence of coronary artery stenosis. A 2-tailed probability value of Ͻ0.05 was considered to indicate statistical significance. All analyses were performed using SAS (Version 9.2, SAS Institute Inc, Cary, NC) and Stata (IC, Version 11.0, College Station, TX). Table 1 depicts the baseline characteristics of the study population. In comparison to patients referred for ETT without imaging, those referred for ETT with SPECT were older, more likely to have hypertension, and had a higher Thrombolysis In Myocardial Infarction risk score. Consequently, patients referred for SPECT were significantly more likely to be diagnosed with unstable angina during the index hospitalization [10 (10%) versus 2 (2%), Pϭ0.01].
Results
Baseline Characteristics
ETT Results
A total of 21 (10%) of 220 treadmill tests were considered positive by ECG criteria. When considering the exercise parameters (Table 2) , 180 (82%) of the patients achieved their target heart rate. Of the 40 patients who did not achieve an adequate target heart rate, 10 had a peak pressure product Ͼ25 000 and 30 had typical angina during the test. When combining these criteria, 214 (97%) patients were considered to have diagnostic studies. Of the 6 patients with nondiagnostic studies, only 1 was found to have an acute coronary syndrome (and was also the only patient in this group that had stenosis on CTA).
The mean exercise time for all patients in the study was 9.3 minutes, and on average 10.9 METS were achieved. Patients referred for ETT with SPECT imaging had a lower exercise capacity and a lower DTS; however, the proportion of positive ETT tests in each of these subgroups was similar (12% versus 8%, Pϭ0.36).
CTA Results
By CTA, 68 (31%) of patients had plaque without stenosis, whereas 33 (15%) had stenosis. Among them, 6 patients had stenosis Ͼ70%. The remaining 119 (54%) patients had no plaque or stenosis. Among the 101 patients with CAD, the average number of segments with plaque was 4Ϯ3; a positive ETT was associated with a higher number of segments with calcified plaque (Figure 1) .
In comparison to patients with no plaque or stenosis, those with disease (Table 3) were older and had lower exercise time, work load, and DTS. The presence of angina during testing was not related to the presence of plaque or stenosis.
Diagnostic Accuracy of ETT for Detection of Stenosis by CTA
Positive ETT had a sensitivity of 0.30 and specificity of 0.94 for detection of stenosis Ն50% by CTA (Table 4) . When confining this analysis to the 180 patients who achieved Ն85% of their MPHR, the sensitivity increased to 0.41, whereas the specificity was unchanged. Accordingly, the sensitivity of ETT among patients with submaximal heart rate was low (9%), as only 1 of 11 patients in this group who had stenosis had a positive ETT by ECG criteria (see Figure 2 for examples of CTA and ETT correlations).
When patients with uninterpretable segments were excluded, the sensitivity of ETT to identify stenosis Ͼ50% increased to 0.47 (and 0.60 when the analysis was confined to the 180 patients who achieved Ն85% of their MPHR), whereas the high specificity was unchanged. When stenosis on CTA Ͼ70% was used as the reference standard, the sensitivity to detect stenosis increased from 0.33 and 0.44 (among patients achieving Ն85% of MPHR) to 0.83, whereas the specificity remained unchanged (Table 4) .
Exploratory Analysis of Discrepant ETT and CTA Results
Among the 103 patients who had SPECT MPI performed as part of their ETT test, 14 (14%) individuals had a perfusion defect. Of 4 patients who had positive ETT results but no stenosis on CTA, none had a perfusion defect on SPECT ETT indicates exercise stress testing; SPECT, single-photon emission computed tomography; METS, metabolic equivalents; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate. imaging. On the other hand, 3 of 5 (60%) patients that had a negative ETT but stenosis on CTA had a positive SPECT MPI. Of 6 patients who had both stenosis on CTA and a positive ETT, 4 (66%) had a perfusion defect on SPECT imaging. Only a small proportion (5 of 76; 7%) of individuals who had both a negative ETT and no stenosis on CTA had a perfusion defect on SPECT MPI. Tables 5 and 6 show univariate and multivariable predictors for plaque or stenosis on CTA. Older age, male sex, diabetes, and hypertension all had a significant univariate association with plaque and stenosis. The presence of hyperlipidemia had a significant association with the presence of plaque but not for stenosis, whereas having a family history of CAD was only associated with stenosis.
Predictors of Coronary Plaque and Stenosis
In a multivariable model that included all significant clinical risk factors, exercise time, workload achieved (METS), and the DTS were all significant predictors for the presence of plaque (Table 5 ). Importantly, a positive ETT and angina during stress were not significant predictors of plaque in any model. On the other hand, after accounting for all significant clinical predictors, the only ETT parameters that remained significant predictors of stenosis were a positive ETT and a low DTS ( Table 6 ).
Evaluation of Possible Criteria for Selecting ETT Versus CTA
Among the 44 patients who exercised more than 13 METS, none had any stenosis on CTA, although 25% (11 of 44) had plaque. None of the 17 male patients with age Ͻ40 or 26 female patients with age Ͻ50 had stenosis. However, 12 of these 43 patients (12%) had plaque. When combining these criteria, 72 patients (33%) had age Ͻ40 for males or Ͻ50 for females or achieved Ͼ13 METS. None of these patients had stenosis, although 15 (21%) of them had plaque.
An analysis to identify whether the presence or number of risk factors can be used to identify subgroups of patients who Sensitivity, specificity, PPV, and NPV were calculated in all patients (nϭ220) and in a subgroup of patients who achieved Ն85% of the MPHR. ETT indicates exercise stress testing; CTA, CT angiography; PPV, positive predictive value; NPV, negative predictive value; MPHR, maximum predicted heart rate. have a lower or higher diagnostic accuracy from ETT did not identify any consistent groups of patients who derive greater accuracy from ETT. As can be seen in Figure 3 , whereas the prevalence of stenosis increased with patients who had more risk factors, ETT had a low sensitivity to detect disease regardless of the number of risk factors.
Discussion
Our study supports the fact that ETT is a useful yet imperfect test for evaluating low-risk patients presenting to the emergency room with acute chest pain. Even after accounting for all baseline clinical risk factors, a positive ETT (odds ratioϭ7.3, Pϭ0.001) and a lower DTT were significant predictors of the presence of stenosis, whereas a lower exercise capacity (eg, METS achieved) was an independent predictor for the presence of plaque. The ROMICAT study design provides us with the unique opportunity to directly compare the data provided by ETT against the anatomic information provided by CTA. Notably, in the cohort of patients included in the present study, all patients had ETT and CTA by protocol and thus test selection was not influenced by examination results. We found that ST depressions during ETT exhibited reduced sensitivity (ranging from 30 -60%) but a high specificity (94%) for the detection of a 50% lesion by CTA. It is noteworthy that whereas the presence of stenosis by CTA is associated with adverse prognosis, 14 this finding does not reliably identify the presence of ischemia. Therefore, the limited sensitivity of ischemic ECG changes in identifying 50% stenosis by CTA is not unexpected. On the other hand, the sensitivity to detect 70% stenosis is higher, particularly if uninterpretable segments are excluded. Notably, the excellent specificity of ST depressions for identifying stenosis is higher than was observed in other studies, 5 in part reflecting the absence of post test referral bias in our cohort. 15 Our findings suggest that in patients with clinical concern for obstructive disease, further testing with imaging after an equivocal ETT may be reasonable. Thus, when the pretest probability of disease is high enough that even after a negative ETT, clinical concern remains, initial testing with imaging-either CTA or perfusion imaging-may represent a reasonable testing option. Supporting the complementary role of these tests, Nieman et al 5 compared the diagnostic performance of ETT and CTA among ambulatory patients with stable chest pain. Among 98 of 471 patients who had invasive angiography, they found that CTA had a better sensitivity whereas ETT had a better specificity for detecting angiographic stenosis. However, their study is limited by referral bias because the decision for coronary angiography was clinically driven.
Given that both ETT and CTA may both be suitable testing option for low-to intermediate-risk patients presenting with acute chest pain, 16 -18 we sought to identify potential patient characteristics that may be used in deciding which patients could be tested with ETT only and which patients could potentially benefit from CTA. Importantly, we found that (1) younger patients (eg, men Ͻ40 years of age or women Ͻ50 years of age) did not have any stenosis; (2) patients who achieved Ͼ13 METS did not have any stenosis; and (3) patients with more clinical risk factors were more likely to have stenosis.
These finding suggest that ideal patients for ETT include those who are young, are expected to have a good exercise capacity, and have no or limited number of risk factors. On the other hand, testing with CTA first or MPI may be considered for patients who are older or who have multiple risk factors. 19 Our findings are consistent with those of Bourque et al, 20 who found that patients who can achieve Ն10 METS on ETT are extremely unlikely to have any ischemia.
Although both ETT and CTA are suitable testing option for low-to intermediate-risk patients presenting with acute chest pain, 17, 18 as per the aforementioned introduction, there are advantages and disadvantages for either strategy. Advantages of ETT include the absence of ionizing radiation, wide availability, and lower test cost. However, unlike CTA, before performing exercise testing, exclusion of active ischemia (ie, with serial cardiac biomarkers) is often needed.
Recently, it has been demonstrated that cardiac CT can be used to acquire simultaneous data on both coronary anatomy and vasodilator-induced stress MPI. 21, 22 Although such a test could potentially be used to evaluate for the presence of stenosis and ischemia in patients with acute chest pain, further studies are needed to establish the diagnostic accuracy of this technique. Even if such an approach will be ready for clinical care, most low-to intermediate-risk patients with acute chest pain would only require a rest CTA study. Subsequently, and only after a myocardial infarction has been ruled out, a stress CT could then be considered for patients who have coronary lesions of uncertain hemodynamic significance or in patients with prior CAD who have extensive calcifications or stents.
In keeping with other studies 23 and guidelines, 24 our study supports the fact that ETT cannot detect coronary atherosclerosis (eg, even among patients who achieved 13 METS, 21% had plaque) and thus should not be used in identifying patients who need more aggressive primary prevention measures. In contrast, CTA can identify coronary atherosclerosis, which in patients without previously recognized risk factors may be used for intensification of lifestyle and/or pharmacological preventive therapies. 25 Nevertheless, it is unknown whether the identification of nonobstructive coronary atherosclerosis among patients presenting to the emergency department leads to any changes in subsequent therapies (which often require implementation in the outpatient setting) or outcomes. Short-term follow-up data from the ROMICAT data showed that in comparison to individuals who had no plaque, those with nonobstructive plaque had a higher rate of adverse events over 2 years (4.6% versus 0%), although it is noteworthy that most of the events in this group occurred during the first 30 days. 26 CTA can also be used to identify other potential explanation for a given patient's chest pain, such as pulmonary embolus, dissection, or hiatal hernia. However, CTA also identifies "incidental" findings (eg, pulmonary nodule), which at times have questionable clinical significance but lead to increased cost and contributes to patient anxiety. Future studies are needed to identify whether the added information provided by CTA leads to differences in patient treatment and outcomes.
Limitations
Although the reference standard used in our study is stenosis on CTA, it is well known that anatomic measures of stenosis-whether by CTA or invasive angiography-are poor predictors of the hemodynamic significance of CAD. For instance, a 50% lesion on CTA has a positive predictive value ranging from 40 -60% for identifying ischemia. 27 Nevertheless, the use of CTA as the reference offers the advantage of detecting subclinical plaque and also offers an opportunity to examine the diagnostic accuracy of ETT in a population that is free from posttest referral bias. In our study, the diagnosis of an acute coronary syndrome was in part made using data from ETT and thus we were not able to determine the diagnostic accuracy of ETT for identifying whether or not acute coronary syndrome was present.
Because the CTA results were made blind to the providers and patients, we are unable to examine the downstream resource utilization and cost associated with ETT versus CTA. In the online-only Data Supplement Appendix, we compare the observed in-hospital downstream resource utilization testing after ETT with the projected resource utilization that would be anticipated if the CTA results were available.
Our study included patients who had ETT only as well as patients who had ETT with SPECT. The inclusion of a wide range of patients allowed us to better characterize the relationship between ETT testing and CTA results. Notably, our main findings-including the limited sensitivity of ETTpersisted even when the analysis was restricted to patients who had ETT without SPECT imaging.
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